








 DEPARTMENT OF INFORMATION AND COMMUNICATION TECHNOLOGY 
  













COMPLEXITY OF CONTEXT-FREE  
GRAMMARS WITH EXCEPTIONS, 
AND THE INADEQUACY OF GRAMMARS  


































































































































ﬀﬁﬃﬂﬁ! "$#%&ﬂ' (ﬁﬃ)+*-,'&$./ﬁ! (0ﬀ12$34ﬁﬃﬂ561ﬁ!5ﬃ879:#;./3=<?>A@CBEDGF;*+HIﬁﬃﬂJ*KﬂLM' (ﬂ:ﬁ!*-N6ﬂﬁﬃ)OHﬁﬃﬂﬁ! (




2 Nonﬀ*K*+ﬂ5ﬁpHMgXﬂCﬁﬃWm*+W/YZ'ﬁﬃ)Kﬁﬃﬂ561ﬁ!5ﬃ/UQNﬃ q/'[:ﬂ*+*-N6ﬂrNﬃU%MmsX1ﬁﬃ)%Yﬁ! 0X12tHMgXHMM&YH']u#;.b3
*+HivO*+&)-g_1HM&$*+ﬂw5ﬃNxnﬃ' (ﬂY&ﬂL/ﬁﬃﬂ:J*Kﬂ1HMM (gﬃBﬁﬃﬂ$*-i:ﬁﬃHI (&Wm&*-nﬃ&u*+ﬂWm &ﬁﬃH&Jﬁ!MM&ﬂC*-N6ﬂuUQ N6Y
ﬁﬃW'ﬁﬃ&Y*KﬁH*+ﬂWmcy./3u'nﬃN6)+nﬃ&_MNpﬁ\UVNﬃ "Yﬁﬃ)Eﬁ!22:)+*+W'ﬁ!*+N6ﬂzNﬃU
#;.b3{]l}|{sﬀM&ﬂH(*-`:)-c./ﬁ! 0X12
34ﬁﬃﬂ561ﬁ!5ﬃ/7Q~.b3<e>GF{*+H&B&H(HM&ﬂL*Kﬁﬃ)+)-gﬃBﬁcH*+YZ2:)K*-[&ﬁﬃﬂ\YZNﬃ (e (&HMM (*+Wm*-nﬃenﬃ' (H*+N6ﬂbNﬃU#;.b3{]
 N6)-%NﬃU4~;.b3p*+HMNﬁﬃ)+)-Nov:#;./3zNﬀW'1:YZ&ﬂLHMNZ`aHM' nﬃ&B &Wm&*+nﬃ&Bﬁﬃﬂi2 NXWm&HHM&cN6ﬂi'`]
~;./3*KH^}2 Nﬃ2aN6HM&8HMgXﬂLﬁﬃWm*+W}Y'ﬁﬃ)+ﬁﬃﬂ561ﬁ!5ﬃ}UQNﬃ Z}HM2a&W'*-[:W'ﬁ!*-N6ﬂrNﬃUNXW'1YZ&ﬂC^5ﬃ (ﬁﬃYqYﬁ! (H




HM2a&W'*-UQgﬀ*Kﬂ5 &)-'n!ﬁﬃﬂLHMM (1Wm1 (&H{*+ﬂZﬁ
NXW'1YZ&ﬂClNﬃ W')KﬁﬃHHlNﬃUNXW'1YZ&ﬂCHl`CgYZ&ﬁﬃﬂHNﬃUNﬀW'1:YZ&ﬂL
kgﬀ2aZ'[:ﬂ*-*+N6ﬂH7H"<"]
Pﬂ\HM2:*-M^NﬃUﬁivﬁ! "ﬂ*+ﬂ5I`Cg/ &HWmNX_7HM'ZNﬀW'1:YZ&ﬂLcMNﬃ (Yqﬁﬃ)+*-,&*+ﬂ5
~;./3ﬁﬃﬂ:8#
./3$PﬂHMﬁﬃﬂWm&Hv*-Nﬃ &HMZ1MN6Yﬁ!ﬁ'Nﬃ gX8>d&GF9Bﬁ&n!ﬁﬃ*+)+ﬁ!`f)-iﬁ!>dx@oFQ<"BHM'nﬃ' (ﬁﬃ)
ﬁﬃ1Nﬃ "H>TXBﬀdﬃdﬃBGXB!ﬀBCdFYZNX&)6HﬁﬃHmsXM&ﬂ&eWmN6ﬂLMmsXj9UV ('5ﬃ "ﬁﬃYYﬁ! (Hmsﬀ2: &HHM&^*+ﬂﬁﬂNﬃﬁ!*-N6ﬂ








ﬂﬁﬃYZ&&)-&YZ&ﬂCH}UV (N6Y¨ﬁ!22a&ﬁ! (*+ﬂ5_*+ﬂ$zWmN6ﬂLM&ﬂC/NﬃUﬁtWmN6ﬂCM&ﬂL?YZNX&)§]©|lsWm'2*-N6ﬂH2 NxnX*+
ﬁ2aNxv' U1)HNﬃ ﬁﬃﬂ_ﬂNﬃﬁ!*+N6ﬂtUQNﬃ Iªﬁﬃ1Nﬃ "Hqﬁﬃﬂ_ﬀ1HIﬁ! /1HM&*+ﬂ_YZN6HMi*+ﬂ1HM gzﬁﬃﬂ
5ﬃNxnﬃ' "ﬂYZ&ﬂCHMﬁﬃﬂ:ﬁ! (H']«%ﬂ)+*-0ﬃ^:#;./3H'B~;./3rHONﬂNﬃﬁﬃ)+)-Nxv¬msXWm'2*+N6ﬂH`:1




2 Nﬃ`:)+&Y©NﬃUlNxvMNq &YNxnﬃmsWm'2*-N6ﬂ:HOUQ N6Y®ﬁq56*-nﬃ&ﬂ/:ﬁﬃHO1ﬂC*+)ﬂNov'UQ&ﬁ!M&
ﬁ!MM&YZ2H{MN%Nﬃ`:ﬁﬃ*+ﬂﬁ5ﬃ&ﬂ' (ﬁﬃ)XHMN6)+1*-N6ﬂB!*Kﬂ^HM2f*-MNﬃUfEHMM N6ﬂ5;*+ﬂCM' &HMlﬁﬃﬂWmN6YY*+YZ&ﬂLl*+ﬂCnﬃN6)-nﬃ&
N6ﬂe*+H4UV N6ﬂC7HM'Eﬃ]5]>TﬀBXdﬃdﬃBXd'¯BXd&DGFQ<"]{.Nﬃ*-n!ﬁ!M&e`Cg*+H'B!°
*+)-2a&)±ﬁﬃ*Kﬂ&ﬂ;ﬁﬃﬂ^NCNX}>dmFﬀ2: Nxnﬃ&eﬁ!
msWm'2*-N6ﬂHNﬂNﬃ*+ﬂWm (&ﬁﬃHMmsﬀ2 (&HH*-nﬃ%2aNxv' NﬃU4msXM&ﬂ&}WmN6ﬂCMmsﬀj9UQ '
5ﬃ (ﬁﬃYqYﬁ! (Hﬁﬃﬂiﬁ!
UQNﬃ &ﬁﬃW"}vO*+msWm'2*-N6ﬂH'BXv%W'ﬁﬃﬂiNﬃ`ﬁﬃ*KﬂiﬁeHMM (1:Wm1 (ﬁﬃ)+)-g&²ﬀ1*-n!ﬁﬃ)-&ﬂCmsXM&ﬂ&cWmN6ﬂLMmsXj9UQ '
5ﬃ (ﬁﬃYYqﬁ! &]l*+ﬂWml&*- ﬁ! 561YZ&ﬂCvEﬁﬃH`:ﬁﬃHM&N6ﬂﬁﬃﬂmsﬀ2aN6ﬂ&ﬂC*+ﬁﬃ)6H*KY^1)Kﬁ!*-N6ﬂB&'g;ﬁﬃ)+HNOWmN6ﬂG³M&Wm1 &
ﬁ!eﬁﬃﬂpmsX2N6ﬂ&ﬂL*+ﬁﬃ)`:)-Novjk12z*+ﬂpqH*-,'INﬃUEq5ﬃ (ﬁﬃYqYﬁ! ^*+Hﬁ/ﬂ&Wm&HH(ﬁ! gp'nX*+)lvO&ﬂp2:1 56*+ﬂ5
msWm'2*-N6ﬂHeﬁ&vEﬁ&gﬃ]?I2: Nxnﬃi&*- eWmN6ﬂG³&Wm1 i1:ﬂ' IYZN6HM^ &ﬁﬃ)+*+H*+WﬁﬃHH1:YZ2*-N6ﬂ:ﬁ!e %lj




ﬁﬃﬂmsXM&ﬂ&pWmN6ﬂCMmsXj9UV 'i5ﬃ (ﬁﬃYYqﬁ! vO*-
msWm'2*-N6ﬂHcﬁﬃ)+)-Nov´'­IW'*-&ﬂLcﬁﬃ)-5ﬃNﬃ (*+Y*+WbHMN6)+1*-N6ﬂ:HNﬃU
\YZN6HMcWmN6YYZN6ﬂ$)+ﬁﬃﬂ561ﬁ!5ﬃb (&WmNﬃ56ﬂ*-*-N6ﬂ
2 Nﬃ`f)-&YHOﬁﬃH(HMNﬀW'*Kﬁ!M&bv*-b*+"µe56*+nﬃeﬁiHMM N6ﬂ5cﬂ'56ﬁ!*-nﬃZﬁﬃﬂHv' MNi*+H%²C1&H*-N6ﬂ/`ﬀgHNovO*+ﬂ5
O %ljkWmN6Y2:)-'M&ﬂ&HHNﬃUanﬃ' gZ`fﬁﬃH*+W2 (Nﬃ`:)-&Y}¡56*-nﬃ&ﬂqﬁ






]R;1  (&H1)-Hﬁﬃﬂcﬁ! 561YZ&ﬂCHE2aN6*+ﬂC12i
)+*+Yq*-ﬁ!*-N6ﬂHNﬃUlﬁ!0X*+ﬂ5qmsﬀM&ﬂ&bWmN6ﬂCMmsﬀj9UQ '5ﬃ (ﬁﬃYYqﬁ! (HﬁﬃH%ﬁiYZNﬀ&)NﬃU#;.b3{Bf&HM2a&W'*+ﬁﬃ)+)-givO&ﬂ
N6ﬂ*+Hl*KﬂLM' &HM&*+ﬂ1ﬂ' "HMﬁﬃﬂ*+ﬂ5*+HH(1&H &)+ﬁ!M&ZMN;msWm'2*-N6ﬂH&]PﬂNXW'1YZ&ﬂC
MNﬃ (Yqﬁﬃ)+*-,&*+ﬂ5
~;./3wﬁﬃﬂz#;.b3tPﬂHMﬁﬃﬂWm&H
vO*-\Nﬃ &HM^1MN6Yqﬁ!ﬁ'Nﬃ gXp>d&GF9B4ﬁxnGﬁﬃ*K)+ﬁ!`:)-ﬁ!q>dx@oFQ<"B{ &H(WmNﬀ
HM2a&ﬂC%ﬁIvNﬃ "bNﬃUvﬁ! "ﬂ*+ﬂ5IN6ﬂb^UﬁﬃWmﬁ!msﬀM&ﬂ&?WmN6ﬂCMmsXj9UV 'q5ﬃ (ﬁﬃYYﬁ! (HNcﬂNﬃ2 Nonﬀ*K^ﬁ






ﬁ/Yﬁ!MM' eNﬃUW'1  &ﬂC
M&W(:ﬂN6)-Nﬃ5ﬃgﬃBlH*+ﬂWm




JWmN6ﬂLMmsXj9UV ('5ﬃ (ﬁﬃYqYﬁ! *+Hlﬁ; ('v (*-*+ﬂ5%HMgXHMM&Y¾*+ﬂevO*+W"O)-'UQjkﬁﬃﬂZH*KENﬃU&ﬁﬃW" (1:)-Y^1Hl`






























<"]H1:H1ﬁﬃ)§BﬀW'ﬁ!2:*-ﬁﬃ)a)-'MM' (H&ﬂNﬃMﬂN6ﬂLM' (Yq*+ﬂﬁﬃ)+H'Bﬀ)-Nxv' (W'ﬁﬃHM
)+'MM' (H&ﬂNﬃM
M' (Y*Kﬂﬁﬃ)+H'B#% (''0\)+'MM' (H
ﬁ! ZUQNﬃ HMM (*Kﬂ56H'B4Ø;UQNﬃ 



















*+HOHM'%NﬃU=N6HMeHMM (*+ﬂ56HOÐwÒÅ Ö vO*KW(/W'ﬁﬃﬂb`a' (*+nﬃ&}UV (N6YÔÇ










































































ﬁ! O '561:)+ﬁ! msX2 &HH(*-N6ﬂH'B6&ﬂqþ×
·










ﬁ! ^ ('561)+ﬁ! OmsX2 &H(H*-N6ﬂH'Bf&ﬂ?þ
·























*KHYﬁﬃ;NﬃU=N6HM^HMM (*+ﬂ56HEv*+W(}ﬁ! (WmN6ﬂW'ﬁ!M&ﬂﬁ!*-N6ﬂ:HNﬃUlﬁﬃﬂLg}ﬂﬀ1Y^`' NﬃU=HMM (*Kﬂ56H*+ﬂ}ßú
ø
2fﬁ! &ﬂL&H*+H%ﬁ! e1:HM&Z³1HMUVNﬃ 5ﬃ N612:*+ﬂ5¡EvO&ﬂ?þô*+HﬁI '561)Kﬁ! msX2 &HH(*-N6ﬂH'Bf&ﬂ_7þ^<*KHﬁ



























' "*-nﬃ&}UQ N6YíHMM "*+ﬂ5Ð]
|nﬃ' grWmN6ﬂCMmsXj9UV '\)+ﬁﬃﬂ561:ﬁ!5ﬃz7QN6ﬂ}UVNﬃ qvO*+W"8' }ms*+HMHZﬁWmN6ﬂCMmsﬀj9UQ '?5ﬃ (ﬁﬃYYﬁ! v*+W(
5ﬃ&ﬂ' (ﬁ!M&Hi*-"<e*+HZW')+&ﬁ! ()-g8ﬁﬃﬂ_msﬀM&ﬂ:&tWmN6ﬂCMmsﬀj9UQ 'b)Kﬁﬃﬂ561ﬁ!5ﬃﬃ]NzHM'WmN6ﬂLM (ﬁ! (gﬃB[: (HMﬂNﬃM
























Bﬁﬃ)+)2 NX1Wm*+N6ﬂHIÍ ÎÏ 
	ÖbvO*-J2 NX1Wm*+N6ﬂHcÍ ÎÏ ﬃ"?Æ%$6B&ﬃ"?Æ%$ Î Ï Ø
ﬁﬃﬂ'ﬃ"?Æ%$?ÎÏ 











































msXM&ﬂ&WmN6ﬂCMmsﬀj9UQ 'r5ﬃ (ﬁﬃYYﬁ! /msXWm'2/ﬁ!}p2 (Nﬀ1:Wm*-N6ﬂ$HW(&YqﬁﬃH*+ﬂuÆ ﬁxnﬃzUQNﬃ (Y
Í¾ÎÏ+
	e>AÞ-,6Fh>/.0F9BvO' ZÍí*+H;*+ﬂ\ÃB1	*+H;ﬁc ('561)+ﬁ! 
msX2 &HH(*-N6ﬂ?Nxnﬃ' ÕZB4ﬁﬃﬂ:2,/ﬁﬃﬂ2Èﬁ! 
H1`fHM'HlNﬃUaÃz]l*KﬂL1*+*-nﬃ*+&ﬁ*+Hlﬁ!ﬁ;' (*-n!ﬁ!*-N6ﬂNﬃUﬁ;HMM (*+ﬂ5;ÐUV N6Y OﬂN6ﬂCM' (Y*+ﬂﬁﬃ)ÍJﬁﬃﬂ
HMﬁ! M&1H*+ﬂ5i2 NX1Wm*-N6ﬂH(W(&Yﬁ/ÍíÎÏﬁ	e>AÞ-,6Fh>/.0FY^1HﬂNﬃ*+ﬂCnﬃN6)-nﬃqﬁﬃﬂCgﬂN6ﬂCM' (Y*+ﬂﬁﬃ)
*+ﬂ3B:gﬃ'%ÐYﬁxgWmN6ﬂLﬁﬃ*+ﬂBf*+ﬂﬁﬃﬂCg}2aN6H*-*-N6ﬂBHMM (*+ﬂ56Hﬁ!ﬁ! e' (*-n!ﬁ!`:)-UQ N6Y ﬂN6ﬂLM' (Yq*+ﬂﬁﬃ)+H*Kﬂ4,]
$&ﬂﬁﬂN6ﬂCM' (Y*Kﬂﬁﬃ)*+HE`aNﬃ*+ﬂW')K1&iﬁﬃﬂ}msW')+1&B*+HEmsXW')+1:H*-N6ﬂcNxnﬃ' ( (*+&H*-H*+ﬂW')+1:H*-N6ﬂ]
./Nﬃ OUQNﬃ (Yﬁﬃ)K)-gﬃBﬃvO' ,:Ä576wÕZBﬀﬁ
)+ﬁﬃﬂ561:ﬁ!5ﬃOßzv*-Z*+ﬂW')+1:H*-N6ﬂH8,Bﬀ&ﬂNﬃM&Z`ﬀgZßÞp79,ﬀ<"BC*+Hl









ﬁ!MﬁﬃW(:*+ﬂ5rmsXWm'2*+N6ﬂHiMNﬂN6ﬂCM' (Y*+ﬂ:ﬁﬃ)+Hqﬁﬃﬂ`Cgw'[:ﬂ*+ﬂ5p' (*-n!ﬁ!*-N6ﬂHZUQ N6Y ﬂN6ﬂCM' (Y*+ﬂﬁﬃ)KHvO*-
msWm'2*-N6ﬂH']zc&ﬂNﬃMﬁ\ﬂN6ﬂLM' "Y*+ﬂﬁﬃ)Í®vO*+*+ﬂ:W')+1H*-N6ﬂ:H",pﬁﬃﬂrmsW')+1H*-N6ﬂ:H ¨`ﬀgÍA BDCFEGA HJIKEV]












































W'1Ye1)+ﬁ!M&}`ﬀg}' (*-n!ﬁ!*-N6ﬂH&]{*Kﬂﬁﬃ)+)-gﬃB^)+ﬁﬃﬂ561ﬁ!5ﬃßEàrNﬃUlﬁﬃﬂ}msXM&ﬂ&/WmN6ﬂCMmsXj9UV 'e5ﬃ (ﬁﬃYYqﬁ! 
·
vO*-cmsWm'2*-N6ﬂ:HWmN6ﬂH*+HHENﬃU




ﬁzﬂN6ﬂLM' (Yq*+ﬂﬁﬃ)'2a&ﬂ8N6ﬂw/WmN6ﬂCMmsXi*+ﬂtvO*+W"t/ﬂN6ﬂLM' (Yq*+ﬂﬁﬃ)ﬁ!22a&ﬁ! (H&BE°*+)-2a&)±ﬁﬃ*+ﬂ&ﬂrﬁﬃﬂ
NﬀNﬀt>dmF{HNxv&\ﬁ!;msXWm'2:*-N6ﬂH;NcﬂNﬃmsﬀM&ﬂ:\Z&HWm (*-2:*-nﬃ^2aNov' ;NﬃUmsﬀM&ﬂ&WmN6ﬂLMmsXj
UQ '5ﬃ (ﬁﬃYYﬁ! (H;7ﬁﬃﬂc&ﬂ:Wm%NﬃUWmN6ﬂLMmsXj9UV ('
5ﬃ (ﬁﬃYYﬁ! "H"<"ú'gq*KIHMN`ﬀg56*-nX*+ﬂ5eﬁ^M "ﬁﬃﬂHMUQNﬃ (Yﬁ!*-N6ﬂ
ﬁ!;2 (Nﬀ1:Wm&H%ﬁﬃﬂpmsﬀM&ﬂ&WmN6ﬂLMmsXj9UV ('q5ﬃ (ﬁﬃYYqﬁ! 
vO*+W"\*+H;HMM (1Wm1 (ﬁﬃ)+)-g}&²ﬀ1*-n!ﬁﬃ)-&ﬂC%MNﬁﬃﬂpmsCj
M&ﬂ&/WmN6ﬂLMmsXj9UV ('^5ﬃ (ﬁﬃYqYﬁ! vO*-msXWm'2*+N6ﬂH'];M (ﬁﬃﬂHMUQNﬃ (Yﬁ!*-N6ﬂ2 Nﬃ2:ﬁ!56ﬁ!M&HOmsXWm'2*+N6ﬂHMN
á
2 NX1Wm*+N6ﬂqHW"&YﬁﬃHﬁﬃﬂiYZNX*-[&H&*- EﬁﬃHHMNXW'*+ﬁ!M&c '561)+ﬁ! msX2 &HH*+N6ﬂHMNW'ﬁ!21 (@?a&WmENﬃU
msWm'2*-N6ﬂH']= ('UV' {MN;&*- l2:ﬁ!2a' O>dFUVNﬃ YZNﬃ 'ﬁﬃ*+)KH=`:1= &W'ﬁﬃ)+)Xﬁ!'BﬀﬁﬃHl'geNﬃ`:HM' nﬃ&B6&*- 




*+ﬂ}2aN6)-gXﬂN6Y*Kﬁﬃ)f*KYZﬃBfWmN6ﬂCM (ﬁ! g}MNIWmN6YYZN6ﬂb`a&)+*-'U]'g}ﬁﬃ)+HNmsﬀ2f)+*+W'*-)-gI2aN6HM&}^2 (ﬁﬃWm*+W'ﬁﬃ)
²ﬀ1&HM*-N6ﬂcvO'' ; &WmNﬃ56ﬂ:*-*-N6ﬂ}2 (Nﬃ`:)-&YôUVNﬃ ﬁZ5ﬃ&ﬂ' (*+WmsXM&ﬂ&/WmN6ﬂLMmsXj9UV ('^5ﬃ (ﬁﬃYqYﬁ! vO*-
msWm'2*-N6ﬂH*+He'­qW'*-&ﬂC)-gzHN6)-nGﬁ!`f)-q`ﬀgpNﬃ' YZ&ﬁﬃﬂ:H'B{)+*-0ﬃi2:ﬁ! (H*Kﬂ5N6ﬂ8VWgﬃ]t7QPﬂ:'&Blms*+HM*+ﬂ5




2fﬁ! (HM' &ﬂWmN61ﬂCM' (Hﬁﬂ'v&)-&Y&ﬂL']¤<
eHNxvÓﬁ!ﬁI²C1:*-M; &HMM (*KWmM&UQNﬃ (Y 7WmN6ﬂCMmsﬀj9UQ '5ﬃ (ﬁﬃYYqﬁ! (HvO*+cN6ﬂ)-gcmsXW')K1H*-N6ﬂcmsWm'2j
*-N6ﬂHE*+ﬂi*+ﬂ2f1"<=NﬃU:*+H2:ﬁ! (H*+ﬂ52 Nﬃ`f)-&YS*+HEﬁﬃ)- (&ﬁﬃgq %ljkWmN6YZ2:)+'Mﬃ]*+H*+HEH1­qW'*+&ﬂLMNZWmN6ﬂW')+1
71ﬂ' v&ﬁ!0ﬃ' ﬁﬃﬂYZNﬃ 2aNﬃ2:1)+ﬁ! =ﬁﬃHH1:YZ2*-N6ﬂeﬁ!{X
Â
 E<ﬁ!{ﬂN'­qW'*-&ﬂCl2 NXWm&1 EW'ﬁﬃﬂ
M (ﬁﬃﬂH()+ﬁ!MeﬁcWmN6ﬂCMmsﬀj9UQ '5ﬃ "ﬁﬃYYﬁ! vO*-87QN6ﬂ)-g}msW')+1H*+N6ﬂf<EmsWm'2*-N6ﬂH
·"Y[Z\
*+ﬂCMNiﬁﬃﬂ?&²ﬀ1*-n!ﬁﬃ)-&ﬂL
msXM&ﬂ&zWmN6ﬂCMmsXj9UV 'c5ﬃ (ﬁﬃYqYﬁ! 
·&]_^ Y[Z\
BH*KﬂWmZNﬃ' vO*KHMﬃB`ﬀgWmN6Y`f*+ﬂ*+ﬂ5H(1W(ﬁ}2 NXWm&1 
vO*-N6ﬂvON6HMms*+HMM&ﬂ:Wm*+HlHMﬁ!M&q*KﬂeO'Nﬃ &YSﬀ]+d!BCvvN61)+e5ﬃ'ﬁﬃﬂ'­qW'*-&ﬂCﬁﬃ)-5ﬃNﬃ (*-:Y UVNﬃ 















ﬁxnﬃ}MN? (&)-gpN6ﬂr}HMN6YZ'vO:ﬁ!eHMM (N6ﬂ5ﬃ' ﬁﬃHH1Y2*-N6ﬂHeﬁﬃHZYZ&ﬂC*-N6ﬂ&8ﬁ!`aNxnﬃ}ﬁﬃﬂ8ﬁﬃHmsﬀ2: &HHM&
YZNﬃ 2 &W'*+HM&)+gq*+ﬂ'Nﬃ &Y ﬀ] ﬀ]
a bdc$ %e{¼ºaf#eÔ`egihMRg
3'#j¾`a









































































ÇpÎÏ 7;i>UU<}Ç>/. nKF ÇpÎÏ 7 ﬂ>VﬂUE<}Ç>/.iKF
ﬁZ`:1:ﬂW(cNﬃUM)+ﬁﬃHMjkW')+ﬁﬃ1:HMmj95ﬃ&ﬂ' (ﬁ!*+ﬂ56q2 (Nﬀ1:Wm*-N6ﬂH
ÇpÎÏ¨79ﬂUVik< ÇÎÏ 79ﬂU k<
ÇpÎÏ¨79ﬂVi>UE< ÇÎÏ 79ﬂ n>U<
ÇpÎÏ¨7;





ﬁﬃﬂﬁ`:1ﬂW"cNﬃU%M)+*+M' (ﬁﬃ)j95ﬃ&ﬂ' (ﬁ!*Kﬂ56Z2 NX1Wm*+N6ﬂH
iÎÏ	> ﬂÎÏ 	>
rÎÏŁ	  _ÎÏ 	 
 NﬃMOﬁ!
·













































































ﬁ!)+&ﬁﬃHMN6ﬂ^M (1)+*+M' (ﬁﬃ)§]%HHMNXW'*+ﬁ!MN6ﬂH1W"/)+*-M' "ﬁﬃ)	(«EMNI&ﬁﬃW(\W')+ﬁﬃ1HMo ]#%&ﬂ' "ﬁ!MeW')+ﬁﬃ1HM&H
UQ N6Y´)+'UVMNI (*+56L'Ba1H*+ﬂ5qﬁ2 (Nﬀ1:Wm*-N6ﬂN61NﬃU{HM&WmN6ﬂb`:1ﬂW"NﬃU{2: Nﬀ:1Wm*-N6ﬂH7Q^`:1:ﬂW(/NﬃU
M)+ﬁﬃHMjkW')Kﬁﬃ1HMmj95ﬃ&ﬂ' (ﬁ!*Kﬂ56i2 NX1Wm*-N6ﬂH<MNc5ﬃ&ﬂ' (ﬁ!Menﬃ' g/)+ﬁﬃHM%W')+ﬁﬃ1HMﬃBaﬁ!UQM' ﬁﬃ)K)4e2 'nX*-N61H
W')+ﬁﬃ1H&HIﬁxnﬃ?ﬁﬃ)+ &ﬁﬃg8`a'&ﬂt5ﬃ&ﬂ' (ﬁ!M&$1H(*+ﬂ5p2 (Nﬀ1:Wm*-N6ﬂHZN61INﬃU;/[: (HM`:1:ﬂW(7Qb`f1ﬂW(
NﬃUcMW')+ﬁﬃ1HMmj95ﬃ&ﬂ' "ﬁ!*+ﬂ562 (Nﬀ1:Wm*-N6ﬂH"<"]_.Nﬃ (2 &W'*+H&)-gﬃB*-U3	(«Z*+H2aN6H*-*+nﬃc1:HM}N6ﬂ}NﬃU%} '
2 NX1Wm*+N6ﬂH
N6ﬂ8})-'UQ'B{vO' &ﬁﬃH*-UV	(«e*+Hﬂ'56ﬁ!*-nﬃ}1HiN6ﬂiNﬃUOc 'c2 NX1Wm*-N6ﬂ:HN6ﬂr
















§;©êu%HH1Yi' ms*+HMHZﬁp' "*-nGﬁ!*+N6ﬂNﬃU&R *+ﬂ
·
l:]tN6)+)-Nxv´*+H' (*+nGﬁ!*-N6ﬂ8UQ N6Y )+'UVZMN
 (*-56C'BaW')+ﬁﬃ1HMeﬁ!UVM' ;W')+ﬁﬃ1Hﬃ]O$&ﬂ? (1)- jíÎÏ 79232Ui9<jÔ>/. nVF=*KH&YZ2:)+Nxgﬃ&Ba&ﬂ?'[:ﬂ
ªl7;	>9<
Â®­°¯²±




ﬁﬃﬂﬁﬃ)-Nﬃ5ﬃN61H)+gbvO&ﬂ'nﬃ' ;Nﬃ' /MW')+ﬁﬃ1:HMmj95ﬃ&ﬂ' (ﬁ!*+ﬂ56} (1)-&H%UQ N6Y Z[ "HM`:1ﬂW"?ﬁ! (Z&ﬂWmN61ﬂXj
M' &iﬁﬃﬂiﬁﬃ)+HMNv&ﬂqﬁ?M)+ﬁﬃHMjkW')+ﬁﬃ1:HMmj95ﬃ&ﬂ' (ﬁ!*+ﬂ56^ "1)-O*+H'nﬃ&ﬂL1:ﬁﬃ)+)-gZ&YZ2:)+Nxgﬃ&]lPﬂ%&ﬂBCvO&ﬂ
&ﬁﬃW(W')+ﬁﬃ1HMcﬁﬃHe`a'&ﬂ5ﬃ&ﬂ' (ﬁ!M&BWmN6Y2:)-'Mc}'[:ﬂ*+*-N6ﬂpNﬃU%ﬁﬃHH*-56ﬂY&ﬂLiªﬁ! (`:*-M (ﬁ! (*K)-gﬃ]? NﬃM
ﬁ!'B:ﬁﬃﬂ0ﬀHEMNZ%msW')+1H(*-N6ﬂcmsXWm'2:*-N6ﬂH*+YZ2aN6HM&BﬀﬂN*KﬂWmN6ﬂH*+HM&ﬂWmgq*+ﬂi
'[fﬂ*-*-N6ﬂINﬃU1ª?W'ﬁﬃﬂ
ﬁxnﬃNﬀW'W'1  &]Z.Nﬃ ('Nxnﬃ' &B<ªr*+H;ﬁcM (1ﬁﬃHH(*-56ﬂYZ&ﬂCvO*+W"Yﬁ!0ﬃ&H




































































2 NﬀNﬃUvO*-}'Nﬃ (&Y ﬀ]+d!] ¸
'Nﬃ &YÑﬀ] b56*-nﬃ&He'nX*+&ﬂWmIﬁ!'B{UQNﬃ eWmN6ﬂCMmsXj9UV '}5ﬃ "ﬁﬃYYﬁ! (H'B=msWm'2*-N6ﬂHﬁ! cﬁb2Nov' (UQ1)
HNﬃ (ﬁﬃﬂzﬂNﬃﬁ!*-N6ﬂBl*+ﬂp:ﬁ!^&)+*KY*+ﬂﬁ!*+ﬂ5}&Y Yqﬁ&gzW'ﬁﬃ1HImsX2aN6ﬂ&ﬂL*Kﬁﬃ){5ﬃ Nov8*+ﬂpiH*-,'INﬃU
^5ﬃ (ﬁﬃYYﬁ! &]«ﬂUQNﬃ 1ﬂ:ﬁ!M&)-gﬃBf'Nﬃ &YÔﬀ] INﬀ&HﬂNﬃﬁﬃWm1ﬁﬃ)+)+gﬁﬃ &HHO^YNﬃ*-nGﬁ!*+N6ﬂ/`a&*+ﬂ:
/WmN6ﬂ!³&Wm1 (/NﬃU;°
*+)-2a&)±ﬁﬃ*Kﬂ&ﬂﬁﬃﬂ:tNﬀNﬀ>dmF9¡b*-NC&HIﬂNﬃ2 Nonﬀ*K[:ﬂﬁﬃ)E'nX*+&ﬂ:Wmﬁ!IH(1W(
msX2N6ﬂ&ﬂL*+ﬁﬃ)ﬀ5ﬃ NovvN61)+ﬁﬃ)+HMN% &H1)+UQ N6Y&)+*+Y*Kﬂﬁ!*+ﬂ5msWm'2*-N6ﬂ:H=UV N6Y#
./3H']=Pﬂ'&B
'Nﬃ (&Yﬀ] W')-&ﬁ! ()-g*Kﬂ*+W'ﬁ!M&Hﬁ!lmsXM&ﬂ&ZWmN6ﬂCMmsﬀj9UQ '5ﬃ (ﬁﬃYYﬁ! (H=v*-emsXWm'2*+N6ﬂH=N²?' lN6ﬂ:)-g
ﬁﬃﬂ*+Y2' (UV&Wm=Yﬁ!W(qUVNﬃ E#;.b3{]:7%Hl2aN6*+ﬂLM&N61l`Cge{ &HWmNXBﬀ:#;./3/2:ﬁ! (H*Kﬂ5%*KHl*+ﬂ'&'­qW'*+&ﬂL'B
vO*K)-
N61  &H1:)-HH(15ﬃ5ﬃ&HM;ﬁ!;ﬂNi'­qW'*-&ﬂC2:ﬁ! (H*+ﬂ5q2 NXWm&1 (ms*+HMH%UVNﬃ 5ﬃ&ﬂ' "ﬁﬃ)UﬁﬃY*+)+g}NﬃU





UQNﬃ  (ﬁﬃYqﬁ!*+W*À?' &ﬂ:Wme*+ﬂbWmN6YZ2:)-ms*-hg}`&:ﬁ&nX*-Nﬃ &]OPﬂb*+HvEﬁ&gﬃBvNﬃ2aMNc*+ﬂCﬁ!HMN6YZeNﬃU
N6HMﬁﬃHM2a&WmH=vO:*+W(^2aN6HH*-`:)+g%)+*KY*-4n!ﬁﬃ)+*+*+kg





Pﬂq*KHHM&Wm*+N6ﬂBXv*+ﬂ*KW'ﬁ!MOvOﬁ!E*+ﬂqN61 ENﬃ2:*+ﬂ*-N6ﬂqﬁ! hvNZYﬁﬃ*Kﬂq &ﬁﬃHN6ﬂHUVNﬃ ;*+HWm ('2:ﬁﬃﬂWmg














*Kﬂu:#;./3BUQNﬃ ﬁﬃﬂCgwﬂN6ﬂXj9M' "Y*+ﬂﬁﬃ)Ł' *+Hiﬁ8H*+ﬂ56)+b2 (Nﬀ1:Wm*-N6ﬂtvO*+w N6ﬂ$?)+'UVj





Nﬃ &H=%1MN6Yﬁ!ﬁ'Nﬃ gﬀe>d&!F9Bﬃﬁ&n!ﬁﬃ*+)+ﬁ!`f)-ﬁ!>dx@oF9]=J:*+)-{v2a' (Wm&*+nﬃ&^ﬁﬃH=Wm (1W'*Kﬁﬃ)Lﬁﬃ)+HMN%HM&WmN6ﬂ
&)-&YZ&ﬂCNﬃU:*+HM*+ﬂWm*+N6ﬂ*+ﬂqW'ﬁﬃHINﬃU#
./3BviN/ﬂNﬃ^`a&)+*-'nﬃIHﬁﬃYZqMN?N6)+zUVNﬃ ^~.b3{B











MN`aH' nﬃ&B4 (&Wm&*-nﬃ&Bﬁﬃﬂ:2 NXWm&HHM&N6ﬂpZ'`]
|{nﬃ&ﬂ/N6156b*-O*+HﬂNxvÓW')+&ﬁ! Oﬁ!%WmN6ﬂLMmsXj9UV ('^5ﬃ (ﬁﬃYqYﬁ! (Hv*-}msWm'2*-N6ﬂHﬁ&nﬃe&*- O)K*+Y*-H*+ﬂ
YZNX&)+*+ﬂ5c#;.b3{BaZ*+&ﬁﬃH%*Kﬂbe2: NCNﬃUNﬃU'Nﬃ (&Y ﬀ] cW'ﬁﬃﬂ\2aN6HH(*-`:)-g}&)-2*+ﬂ?1ﬂ' (HMﬁﬃﬂ*Kﬂ5
vO*KW(eﬁﬃHM2a&WmHNﬃ {*Kﬂ5ﬃ &*-&ﬂCHNﬃUfmsXWm'2*+N6ﬂeY&W(ﬁﬃﬂ*KHY HN61)+^'[:ﬂ*+M&)-g;ﬂNﬃ=`*+ﬂW')+1:&BGUVNﬃ 
'­qW'*-&ﬂ:Wmg &ﬁﬃHMN6ﬂ:H'B6*+ﬂCMN%~;./3/HMﬁﬃﬂﬁ! (]E79R% xB6ﬁ!=)+&ﬁﬃHM'B6vEN%ﬂNﬃ=0XﬂNxv_NﬃUfNﬃ' lUQNﬃ (Yﬁﬃ)ﬀHMM'2:H
Nﬃ 2:ﬁ! (*+ﬁﬃ)a &H1)+HEN6ﬂ}*+HEUQ N6ﬂC']¤<ePﬂ:'&B




H*-56ﬂ:*-[:W'ﬁﬃﬂC)-gqMNIWmN6YZ2:)+msX*-hgINﬃU{ﬁﬃ1Nﬃ (*+ﬂ5ZH%ﬁﬃH&*- H*-,'ﬁﬃﬂ/WmN6YZ2:)-ms*-kgi5ﬃ NovOH']E|{nﬃ&ﬂ
*-U*+H2:&ﬂN6YZ&ﬂN6ﬂtﬁﬃ8`a'&ﬂtHN6YZ'*+YZ&H&ﬂ*-&B{Nﬃ iﬁ!MM (*-`:1M&8MNp2aNCNﬃ HMhgﬀ)+/*+ﬂ81H}NﬃU
msWm'2*-N6ﬂH'B*-i*KHqHNovOﬂ$*+ﬂÓ>T!F9BN6ﬂJb`fﬁﬃH*+HNﬃU^ﬁﬃﬂw&Y2:*- (*+W'ﬁﬃ)ﬁﬃﬂﬁﬃ)-gXH*+H'BEﬁ!c\WmN6YZ2:)+msX*-hg
NﬃUHMN6YZI%O%He*+H^ﬁ!22 N6ﬁﬃW"*+ﬂ57QNﬃ eﬁﬃH^msXWm'&&<;Yﬁﬃﬂﬁ!5ﬃ&ﬁ!`f)-I)+*KY*-H56*-nﬃ&ﬂmsX*KHM*+ﬂ5}MNﬀN6)+H^UVNﬃ 
&H*+56ﬂ*+ﬂ5ﬁﬃﬂb1ﬂ' "HMﬁﬃﬂ*+ﬂ5e&Y}Bfﬁﬃﬂb*-O*+HOﬂNxvEﬁﬃﬁ&gXHWmN6YYZN6ﬂ)+gi`a&)+*+'nﬃ&ﬁ!N6ﬂ)-gc2:ﬁ! *+ﬁﬃ)
HMN6)+1*-N6ﬂH7HM'^>TXBd'¯BdﬃdmFQ<MN;*+H=2: Nﬃ`:)-&YW'ﬁﬃﬂZ`aﬁ!MM&YZ2M&]R1 l &H1:)-HlﬂNxv2 NxnX*+ﬁUQNﬃ (Yﬁﬃ)
³1HM*-[:W'ﬁ!*+N6ﬂNﬃUNXW'W'1  &ﬂ:WmNﬃU&HME2 Nﬃ`:)-&YqHvO*KW(eﬁ! 0XﬂNovOﬂeMN*KYZ2:)-g*-56eWmN6HMH=UQNﬃ =
&H*+56ﬂ}ﬁﬃﬂWmNﬃ  &H2N6ﬂ:*+ﬂ5e2 Nﬃ`:)+&YHEvO*-}²ﬀ1ﬁﬃ)+*-hgﬃ]
ﬀN6Y)+*+ﬂ0XH2aN6*+ﬂC*+ﬂ5?MN &)-'n!ﬁﬃﬂCYqﬁ!M' (*+ﬁﬃ)ﬁ!`aN61I#;.b3umsWm'2*-N6ﬂHZW'ﬁﬃﬂt`cUQN61ﬂ8*+ﬂr
'`¬>d&DGF9]pNﬃ (&HMjÔ'561)Kﬁ! q34ﬁﬃﬂ561:ﬁ!5ﬃ&HZﬁ! c\7Q2fﬁ! *+ﬁﬃ)V<YZNX&)2: Nﬃ2aN6HM&r`Cg.b1 (ﬁ!ﬁ.bﬁ!0ﬃNﬃMN





ﬁﬃﬂ0ﬀHﬁ! 1IMN}ﬁﬃﬂN6ﬂCgXYZN61H 'UQ' '&H']rPﬂr2:ﬁ! (*+W'1)+ﬁ! &BlN6ﬂiNﬃU%ckvN 'UQ' '&HZvNﬃ 0ﬃ&
N61;~;./3Jﬁﬃﬂ:#;./3wH;UVNﬃ e6XlN6ﬂz}nGﬁ! (*Kﬁ!`:)-&H%N6ﬂp)K*+ﬂ&H%NﬃUEZ &1Wm*+N6ﬂ\56*-nﬃ&ﬂz*+ﬂ
ﬀ&Wm*-N6ﬂpﬀ]eP:ﬁ&nﬃYﬁﬃ2:ﬁ! (%NﬃUE*+HNﬃ (*-56*Kﬂﬁﬃ)=Yﬁ!M' (*+ﬁﬃ)=ﬁ&n!ﬁﬃ*+)+ﬁ!`f)-N6ﬂ\ZNﬃ ()+?$*+'`w>d&TGF
















>oF×]%)-`a' 'Bfe]#*+ﬁﬃYYqﬁ!  &H*§Bfﬁﬃﬂbe]NCNX]%|lsXM&ﬂ&?WmN6ﬂLMmsXj9UV ('e5ﬃ "ﬁﬃYYﬁ! (HﬁﬃﬂbﬂNﬃ (Yﬁﬃ)
UQNﬃ (YªM (ﬁﬃﬂ:HMUVNﬃ "Yﬁ!*-N6ﬂH']ePﬂ1MN6Yqﬁ!ﬁPYZ2:)-&YZ&ﬂCﬁ!*-N6ﬂ¡;:*- (bPﬂCM' (ﬂﬁ!*-N6ﬂ:ﬁﬃ)=Nﬃ 0ﬀH(Nﬃ2pN6ﬂ
PYZ2:)-&Y&ﬂL*+ﬂ5%1MN6Yﬁ!ﬁXBfwPÆØ TﬃDﬀBy&*+&)-`a' 5B:#%' "YﬁﬃﬂLgﬃBd&TﬃTﬃDﬀ]ﬀ2: (*+ﬂ5ﬃ' MjQÙl' ")+ﬁ!5]
>oF^;] (ﬁ&gﬃB×]ﬁ!N6)K*§Bﬁﬃﬂ:

] .z]=ﬀ2a' `a' 5!jh.bWpÚ1'&ﬂB4&*-MNﬃ "H']i|{sﬀM&ﬂ:H*-`:)-q.bﬁ! 0X12z3ﬁﬃﬂ561ﬁ!5ﬃ
7Q~;./3=<{d!]A¯X]d&TﬃTﬃDﬀ]Cu










N6YZ2:*K)-' MjkWmN6ﬂHMM "1Wm*-N6ﬂMNCN6)+HZﬁﬃﬂ:8M&W(ﬂ*K²C1&HUQNﬃ I#;.b32fﬁ! (HM' (H'¡

















)+ﬁ! &ﬂN6ﬂ}{ &HH&BfRsﬀUQNﬃ (Bd&TﬃT!¯X]
>DoFPﬂLM' "ﬂﬁ!*-N6ﬂﬁﬃ)aR% 56ﬁﬃﬂ*-,&ﬁ!*+N6ﬂZUVNﬃ ﬀﬁﬃﬂﬁ! "*-,&ﬁ!*-N6ﬂ]fPM:R$DﬃD6@!Tﬀ¡{PﬂUVNﬃ (Yqﬁ!*-N6ﬂZ{ NXWm&HH*Kﬂ5·ÝJmsﬀ














'`: (1ﬁ! g6@^j.bﬁ! (W(d!B4d&TﬃTﬃDﬀB./ﬁ!  "*-NﬃM.bﬁ! (²C1:*+H'BE)+ﬁﬃﬂCﬁXBa#%'Nﬃ 56*KﬁXBf«^]f]]
>dﬃdFÔ]Ó]



















>d&oFe]!{ &H(WmNﬀBNﬃ "Yﬁﬃ)+*-,&*+ﬂ5#;.b3}ﬁﬃﬂ^~.b3cPﬂHMﬁﬃﬂWm&H=ﬁﬃﬂZXW(&Yﬁ!ﬁ%vO*-eNﬃ &HMl%1MN6Yﬁ!ﬁ
'Nﬃ gﬃ]CMM2¡ÛÁºÁovvv










N6YZ2:1M' XW'*-&ﬂ:Wmﬃ]pX2 (*+ﬂ5ﬃ' jQÙl' ()+ﬁﬃﬂ5Bl' ()+*+ﬂB= 'v
Þ
Nﬃ 0BfNﬃ0ﬀgﬃNB%7d&TﬃDﬃD6<"]









>d&ToFe«ÔO3pMNmsXﬁﬃY2:)-&HE2 Nonﬀ*K&c`CgI 'UQ' 'ﬁﬃﬂ}ﬁZWmN6YYZ&ﬂCvO:*+W(ivEﬁﬃHWmN6YYZN6ﬂ}MNZ`aNﬃ
 'UQ' '&H
CMM2¡ÛÁºÁovvvjkYﬁ!]AHW'*-&ﬂ:Wmﬃ]A1ﬂ*-ﬂ]A*+Áe  (*-,',&*;Áo 'UV' ('o#;.b3msWpÁ
T
